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1 The energy spectra  of secondary neutrons i n  the energy region 

F e! 
between 100 and 450 MeV emitted by targets bombarded by 4 5 0 - ~ e ~  protons 

2 Y, % 0 were measured using a proton r eco i l  spectrometer. Secondary proton 
measurements were a l s o  made with t h i s  spectrometer. The measurements - 3 were made on Be, C, A l ,  Cu, Co, Pb, and B i  targets  and a t  severa l  angles 
between 0 and 600. Two general t a rge t  thicknesses were employed: t h i n  
targets  i n  which the primary beam los t  l i t t l e  energy and i n  which fu r the r  

,A- 

s , in teract ion of the secondary pa r t i c l e  was small, and thick targets  i n  
which the  primary beam l o s t  a l l  o r  a s ign i f ican t  f rac t ion  of the i n i t i a l  
energy and i n  which the probabili ty of the  secondary par t ic les  undergoing 
fur ther  in te rac t ion  was large.  The thin- target  resu l t s  
cross sect ions  and the thick- target  resu l t s  represent a 
port  and a re  expressed as a yie ld .  
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L E G A L  NOTICE 

P 
This report wos prepared 0s on account of Government sponsored work. Neither the United States, 

nor the Commission, nor any person acting on behalf of the Commission: 

A. Makes any worronty or representation. expressed or implied, wi th respect t o  the accuracy, 

completeness, or usefulness of the information contained in  th is  report, or that the use of 

any information, appgratus, method, or process disclosed in  th is  report may not infringe 

privately owned rights; or 

B. Assumes any l iab i l i t ies  wi th respect to the use of, or for damages resulting from the use o f  

any information, apparatus, method, or process disclosed in  this report. 

As used i n  the above, "person octing on behalf of the Commission'' includes any employee or 

controctor of the Commission, or employee of such controctor, to the extent that such employee 

or controctor of the Commission, or employee of such contractor prepares, dissemannures, or 

provides occess to, any information pursuant to his employment or contract wi th the Commission, 

or h is  employment w i th  such contractor. 



I. INTRODUCTION 

I n  recent  years seve ra l  t h e o r e t i c a l  ca lcula t ions  have been made t o  

p red ic t  the  cross sec t ion  f o r  production of secondary p a r t i c l e s  i n  the  

i n t e r a c t i o n  between high energy nucleons and complex nucle i .  l-' These 

ca lcula t ions  a r e  based on models which involve assumptions which cannot 

be f u l l y  j u s t i f i e d  theore t i ca l ly ;  the re f  ore, j u s t i f i c a t i o n  r e l i e s  heavi ly  

on comparisons with experiment. There a r e  numerous experiments, p a r t i c -  

u l a r l y  f o r  seccndary protons and mesons, with which checks can be made;lO-l4 

however, l i t t l e  da ta  e x i s t s  above 200 MeV which sys temat ica l ly  covers 

c e r t a i n  parameters such as atomic weight, angle, o r  energy. To provide 

da ta  which sys temat ica l ly  covers a range of elements, angles, and inc ident  

energies f o r  comparison with t h e  ca lcula t ions ,  a s e r i e s  of experiments 

has been performed t o  inves t iga te  the  secondary nucleon production i n  

t h e  i n t e r a c t i o n  of primary protons bombarding complex nuclei.15-l7 The 

energy s p e c t r a  of neutrons and protons presented here  cover the  regiori 

between 100 and 450 MeV from ta rge t s  bombarded by 450 MeV protons and were 

measured f o r  a number of elements ranging i n  atomic weight from beryllium 

t o  bismuth. Two categories of t a r g e t  thicknesses were studied:  t h i n  t a r -  

ge ts  i n  which t h e  primary beam l o s t  l i t t l e  energy and the  nuclear i n t e r -  

a c t i o n  mean f r e e  path i s  much l a rge r  t h a n  the  t a r g e t  thickness,  and 

t h i c k  t a r g e t s  i n  which t h e  primary beam stopped o r  l o s t  a la rge  f r a c t i o n  

of i ts  energy and the  t a r g e t  thickness was of t h e  same order as  t h e  nuclear  

mean f r e e  path.  The primary proton energy i s  wel l  above the  meson produc- 

t i o n  threshold  and data  should be of p a r t i c u l a r  value fo r  comparison with 

ca lcula t ions  which include meson production and i t s  e f fec t s  on the  nucleon 

production cross sec t ions .  



These measurements, made a t  the  Universi ty of Chicago synchrocyclo- 

t ron ,  a r e  s imi lar  t o  those reportedx7 7'' f o r  160-Mev proton bombarding 

energy and the  data  was recorded and analyzed using a proton r e c o i l  

spectrometer and ana lys i s  techniques s i m i l a r  t o  those employed i n  the  

160-M~V measurements. I n  t h i s  paper, t h e  experimental set-up w i l l  be 

described only b r i e f l y  with emphasis on the  modifications t o  t h e  previous 

spectrometer and ana lys i s  techniques. For d e t a i l s  of the  methods used t o  

analyze t h e  data,  t h e  reader i s  r e fe r red  t o  references 17 and 18. 

11. EXPERIMENTAL SET-UP 

The proton beam from the  synchrocyclotron was focused with two 

quadrupole magnets t o  a spo t  s i z e  of approximately 3 cnia on the  t a rge t ,  

as shown i n  Fig.  1, and the  spectrometer was placed a t  the  appropr ia te  

angle behind t h e  t a r g e t .  By using s t o c h a s t i c  beam ext rac t ion ,  a duty 

cycle of approximately 25% was obtained. 

The energy of the  beam was measured using a range telescope with Cu 

absorbers . Us ing t h e  t ab les  of Barkas and ~ e r ~ e r '  and applying the  

mul t ip le  s c a t t e r i n g  correc t ion  of Janni,  20 t h e  energy was found t o  be 

450.4 1 MeV. This corresponds t o  an e f f e c t i v e  range i n  Cu, including 

s c i n t i l l a t o r s  and l i g h t  covers, of 144.0 gm/cm2 . 
The incident  proton beam was in tegra ted  with helium-f i l l e d  ion 

chambers"' ca l ib ra ted  us ing the  l2  C(p,pn) reac t ion .  82 To accomplish t h i s  

c a l i b r a t i o n  a p l a s t i c  s c i n t i l l a t o r  l a rge r  than the  beam spot  was placed 

a t  the  t a r g e t  pos i t ion  and exposed t o  the  beam passing through t h e  ion  

chambers. After  exposure, the  s c i n t i l l a t o r  was placed on a photomulti- 

p l i e r  tube and the  a c t i v i t y  induced by the ~ ( p , p n )  r eac t ion  was ca lcula ted  
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Fig.  1. Plan view of experimental set-up f o r  measuring the  neutron 
and proton spec t ra  from t a r g e t s  bombarded by a 4 5 0 - ~ e ~  proton beam. 



from t h e  pos i t ron  counting r a t e ,  The cross s e c t  ion used f o r  t h i s  ca l ib ra -  

t i o n  was 32.3 mb. A correc t ion  was made f o r  the  posi trons with energies 

below the  counting threshold.  This c a l i b r a t i o n  was compared with the 

value obtained by ex t rapo la t ing  a c a l i b r a t i o n  obtained using a 1 6 0 - ~ e ~  

proton beam monitored with a Faraday cup, and the  two values were found 

t o  agree t o  wi th in  5%. 

111. SPECTROMETER 

The measurements were made using the  proton r e c o i l  spectrometer shown 

i n  Fig.  2. The neutrons from t h e  t a r g e t  impinged on the  polyethylene 

r a d i a t o r  and t h e  r e c o i l i n g  protons passed through t h e  organic AE/Ax 

counter and produced pulses with a mean height  

where dl /d3 i s  t h e  s c i n t i l l a t i o n  e f f i c i ency  and T i s  the  thickness of the  

counter .  Since f o r  protons d E / a  and d1ld-E a r e  monotonically decreasing 

functions of energy below approximately 2 BeV, the  r e c o i l  proton energy 

may be determined from a measurement of pulse he ight .  Fig.  3 i s  a p l o t  

of the  pulse height  from the  AE/Ax counter as  a funct ion  of  the  energy of 

the  protons inc ident  upon t h e  s c i n t i l l a t o r .  The re l a t ionsh ip  was obtained 

by exposing the  AEIAX counter t o  protons of various energies obtained by 

degrading the  4 5 0 - ~ e ~  proton beam with copper absorbers. The energy E 
P 

of the  r e c o i l  proton i s  r e l a t e d  t o  the  energy E of the  inc ident  neutron n 

b Y 
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Fig. 2. Placement of counters and hydrogeneous r a d i a t o r  i n  proton 
r e c o i l  spectrometer.  
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Fig.  3. Pulse he ight  as  a funct ion  of energy f o r  protons t r ave r s ing  
a 3 .153-g/cm2 - th ick  p l a s t i c  s c i n t i l l a t o r .  



where El i s  the  angle between the  path of the  inc ident  neutron and the  

r e c o i l  proton and M is t h e  mass of a nucleon. 

Counters 3 and 6 a r e  placed i n  coincidence with the  AE/Ax counter t o  

reduce backgrounds from gamma rays and neutrons. Counter 6 a l s o  ensures 

t h a t  r e c o i l  protons which do not penetrate t h e  AE/AX counter a re  not 

counted. 

The counters i n  f r o n t  of t h e  r a d i a t o r  were placed i n  anti-coincidence 

wi th  t h e  ~ E / A X  counter and served t o  r e j e c t  counts due t o  protons present  

i n  the  inc ident  beam. I n  order  t o  reduce t h e  leak-through i n  the  a n t i -  

coincidence channel due t o  the  dead time caused by high random r a t e s  i n  

t h e  anti-coincidence counters,  two counters were employed i n  a "nei ther /  

nor" configurat ion.  Background measurements were made by replacing the 

polyethylene rad ia to r  with a carbon rad ia to r  containing the  same amount 

of carbon as t h e  polyethylene r a d i a t o r .  Proton spec t ra  were measured by 

removing the  r a d i a t o r  and t h e  anti-coincidence requirements imposed by 

counters 1 and 2. 

A severe background problem arose from mesons and high-energy 

e lec t rons  produced in  t h e  t a rge t ,  and, i n  t h e  case of neutron measurements, 

i n  t h e  r ad ia to r .  Due t o  t h e  l a rge  re so lu t ion  of t h e  spectrometer many of 

the  pulses produced i n  t h e  U/AX counter by these  p a r t i c l e s  were of the  

same s i z e  a s  the  pulses produced by the  high-energy r e c o i l  protons.  

I n  the  case of t h e  neutron measurements, the  production of these  back- 

ground counts was somewhat d i f f e r e n t  i n  polyethylene r a d i a t o r  than i n  

t h e  carbon r a d i a t o r  and these  e f f e c t s  could not be e n t i r e l y  eliminated 

by a background sub t rac t ion ,  I n  the  case of proton measurements no back - 

ground measurements were made f o r  th ick  t a r g e t s  and the  t h i n - t a r g e t  



background measurements were made w i t h  t h e  t a r g e t  ou t ,  resul t in{:  i n  an 

uncomnpensa1,ed r e s  iduai background from the mi>sons a n d  e l e c t r o n s .  7'0 

reduce the  number of t hese  l i g h t e r  p a r t i c l e s  which were counted, a  

Cerenkov counter  wi th  a  t h re sho ld  of B = 0.67 was placed i n  f r o n t  of t h e  

AE/AX counter  and was connected i n  an t i -co inc idence .  An event  753456 

was considered v a l i d  and a mult i -channel  ana lyzer  was ga ted  on and t h e  

pulse  from t h e  AE/Ax counter  was s t o r e d .  

The AE/Ax counter  was a  p l a s t i c  s c i n t i l l a t 0 9 ~  3 . 0  cm-thick and 

6.35 cm i n  diameter  o p t i c a l l y  coupled t o  the photomul t ip l ie r  tube wi th  

a  l i g h t  p ipe  glued t o  t h e  c y l i n d r i c a l  edge of t h e  s c i n t i l l a t o r .  The 

uni formi ty  of l i g h t  c o l l e c t i o n  was improved by pa in t ing  t h e  s c i n t i l l a t o r  

wi th  white pa in ta4  and was found t o  vary  l e s s  t han  5% over t he  volume of 

the  s c  i n t  i l l a t o r .  

IV. DATA ANALYSIS 

Important cons idera t ions  i n  t h e  design of t h e  spectrometer  a r e  t h e  

pulse  he igh t  and energy r e s o l u t i o n ,  The r e s o l u t i o n  of a d i s t r i b u t i o n  is 

def ined  a s  : 

f u l l  width a t  ha l f  maximum of d i s t r i b u t i o n  (FWHM) R = 
cen t ro id  of d i s t r i b u t i o n  

The pulse-he ight  r e s o l u t i o n  of t h e  spectrometer  f o r  neutrons is t h a t  of 

t he  d i s t r i b u t i o n  obtained by exposing the  s p e c t r m e t e r  t o  a  monoenergetic 

beam of neutrons.  The important f a c t o r s  determining pulse  he ight  r e so -  

l u t i o n  are:  

1. The range of sca . t te r ing  angles  between t h e  neutron and r e c o i l  

p ro tons ,  



2 The var ie ty  of energy losses i n  the r ad i a to r  due t o  the  various 

path lengths t r ave led  by r e c o i l  protons. 

3. Fluctuations of energy loss  by t he  r e c o i l  protons i n  the 

AE/AX s c i n t i l l a t o r .  " ja6 

The energy reso lu t ion  is defined as t he  resolut ion of t he  dis  t r ibu-  

t i o n  obtained by transforming the  above pulse-height d i s t r i bu t i on  i n to  
1 

an energy resolut ion using a one-to-one transformation between pulse 

height  and energy. The contributions due t o  f a c to r s  1 and 2 can be 

r ead i l y  controlled through the  design of the  spectrometer, and a t  the 

expense of e f f i c iency  can be reduced t o  small  values. The contribution 

due t o  t h e  t h i r d  f a c t o r  is determined by t he  thickness of the  @/AX 

s c in t  i l l a t o r  and decreases slowly with increasing s c i n t i l l a t o r  thickness . 
For any reasonable choice of s c i n t i l l a t o r  thickness t he  energy loss 

f luctuat ions  f o r  the  higher energy protons were s t i l l  large and were the 

determining f ac to r  on the p r ac t i c a l  resolut ion of the  spectrometer. Due 

t o  the slow var ia t ion  of dE/dX with proton energy a t  high proton energies 

the  energy resolut ion was considerably l a rger .  The spectrometer was 

designed s o  t ha t  t he  combined contributions from fac to rs  1 and 2 were 

somewhat l e s s  than the maximum from 3. 

The data  were analyzed using the Simple Linear Optimization Procedure 

 SLOP)'^ code i n  the manner described previously. l7 jl* Basically, the 

code i s  supplied with: 

1. The raw pulse-height data. 

2. The response functions of the  spectrometer. 

The response functions are the  probabi l i ty  d i s  trzbutions t h a t  a pa r t  icu- 

la,r energy p a r t i c l e  w i l l  produce a pulse of a pa r t i cu la r  height .  



Since i t  i s  not convenient t o  determine these  d i s t r i b u t i o n s  experi-  

mentally, they  were ca lcula ted  f o r  the  neutron measurements us ing a Monte 

Carlo code described previously28 and combined with a ca lcu la t ion  t o  incor-  

porate the  e f f e c t  of energy loss  f luc tua t ions  of the  r e c o i l  protons i n  

the  AE/AX s c i n t i l l a t o r .  Typical  r e s u l t s  of t h i s  ca lcu la t ion  a r e  shown 

i n  Fig.  4. The t o t a l  e f f i c i e n c y  of the spectrometer f o r  de tec t ing  

neutrons was a l s o  ca lcula ted  and t h e  r e s u l t s  f o r  s e v e r a l  d i f f e r e n t  neutron 

energies a r e  shown i n  Fig .  5 .  Proton s p e c t r a  measurements were made by 

removing the  r a d i a t o r  and anti-coincidence counters .  I n  t h i s  case the  

response funct ion  i s  determined almost e n t i r e l y  by the  energy loss  f luc tua-  

t ions  i n  the  AE/AX counter .  However, i n  t h e  case of t h e  t h i n - t a r g e t  

measurements i n  which t h e  r e s u l t s  a r e  expressed as cross sec t ion ,  t h e  

d i s t r i b u t i o n  of energy losses  of the  secondary protons i n  the  t a r g e t  is 

included i n  the  response func t ion  s o  t h a t  the  r e s u l t s  a r e  correc ted  t o  

"zero-thickness t a r g e t s . "  The pulse-height r e so lu t ion  of t h e  spectrometer 

as  a  func t ion  of energy i s  given i n  Fig. 6 f o r  protons.  

The SLOP code ca lcu la tes  the  range of energy s p e c t r a  which i s  con- 

s i s  t e n t  with t h e  raw data  and the  response funct ions .  The energy response 

funct ion  associa ted  with the  output s p e c t r a  i s  a  Gaussian with a width 

s p e c i f i e d  by the  user,  and t h e  r e s u l t s  a r e  presented i n  t h e  form of a  

band which brackets the  68% confidence i n t e r v a l .  The width of the  con- 

f  idence i n t e r v a l  i s  determined j o i n t l y  by the  count ing s  t a t i s  t i c s ,  t h e  

e r r o r  i n  determining the  response funct ions ,  and the  closeness of f i t  

which i s  obtained between the  des i red  Gaussian functions and a l i n e a r  

combination of the  response functions . 
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Fig .  4. Calculated pulse height  d i s t r i b u t i o n s  f o r  monoenergetic 
neutron beams inc ident  on the  spectrometer with t h e  1.33 g / c ~  r a d i a t o r .  
The ca lcu la t ion  was made using the  Monte Carlo technique discussed i n  
the  t e x t .  
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Fig.  5. Calculated neutron spectrometer e f f i c i ency  f o r  t h e  
lene rad ia to r s  used i n  the  experiment. The ca lcu la t ion  was made 
Monte Carlo technique discussed i n  the  t e x t .  
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Fig.  6. Calculated pulse-height resolut ion as a funct ion of energy 
f o r  protons. I n  t h i s  case the major c o n t ~ i b u t i o n  t o  t h e  reso lu t ion  was 
t h e  energy l o s s  f luc tuat ions  i n  the  &/AX counter and was t h e  only e f f e c t  
included i n  these ca lcula t ions .  



V .  RESULTS 

Results  from the  neutron spectrometer measurements on both t h i c k  and 

t h i n  t a r g e t s  a r e  given i n  Figs.  7-14. These da ta  were obtained using 

polyethylene rad ia to r s  with thicknesses l i s t e d  i n  Table I. Although i n  

some measurements a 2.62-cm-thick r a d i a t o r  was used, most energy spec t ra  

were measured using both a 1.33- and a 4.30-cm-thick r a d i a t o r  and the  

r e s u l t s  from these  separa te  measurements combined i n  a s t a t i s t i c a l l y  con- 

s i s t e n t  manner t o  obta in  the  f i n a l  energy spectrum. The energy reso lu t ion  

associa ted  with these  neutron energy s p e c t r a  is Gaussian with a FWHM of 

25% 

A t  high energies the  e f f e c t s  of t h e  gamma rays and meson leak- 

through were evident  i n  the  f i n a l  spectra,and i n  the  cases where t h e  

d i s t o r t i o n  was l a rge  the  high-energy por t ion  of the graph was omitted. 

I n  t h e  cases where the  d i s t o r t i o n  was smal l  t h e  graph was extrapolated 

i n t o  t h e  d i s t o r t e d  region as indica ted  by the  dashed l i n e s .  A t  low 

energies the  uncer ta in ty  i n  the  spec t ra  increased due t o  the  la rge  energy 

loss  suffered  by t h e  r e c o i l  proton i n  t h e  r a d i a t o r  and counters .  The 

r e s u l t s  were omitted i n  regions where the  uncer ta in ty  was excessive. 

Figure 7 shows the  secondary neutron product ion cross sec t ion  f o r  

a t h i n  carbon t a r g e t  a t  labora tory  angles of 20, 30, and 4 5 O .  These data 

show a broad peak i n  the  cross s e c t i o n  which appears a t  about 320 MeV 

f o r  t h e  2 6  data,  and a t  lower energies and increas ingly  l e s s  pronounced 

a t  g rea te r  angles of observation. This peak i s  seen a l s o  i n  the  6.73 g/cm2 

aluminum shown i n  Fig .  8, although the  peak i s  l e s s  we l l  defined a t  

e i t h e r  2 6  o r  a t  300. Simi lar ly ,  t h e  r e s u l t s  from the  7.68 g/cmz cobalt  

t a r g e t  a l s o  show t h i s  peak. 
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Fig .  7 .  Secondary neutron product ion cross  s e c t i o n  a t  20, 30, and 
45O f o r  carbon bombarded by 450 MeV, The energy r e s o l u t i o n  a s soc i a t ed  
wi th  t h e  s p e c t r a  is  Gaussian with a  FWHM of 25%. The l i n e s  enc lose  t h e  
68% confidence i n t e r v a l  and include s t a t i s t i c a l  u n c e r t a i n t i e s ,  unce r t a in -  
t i e s  i n  c a l c u l a t i n g  t h e  e f f i c i e n c y  of t h e  spectrometer  and t h e  degree t o  
which t h e  computer program is n e t  a b l e  t o  f i t  t h e  spectrometer  response 
func t ions  wi th  the  Gaussian energy r e s  o lu t ion  func t ions  . 
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Fig .  8. Secondary neutron production c ross  s e c t i o n  a t  20 and 30' f o r  
a 6.73 g/cm2 aluminum t a r g e t .  



Fig .  9. Secondary neutron production cross s e c t i o n  a t  2@ 
.68 g/c$ cobal t  t a r g e t .  
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Fig .  10. Secondary neutron y i e l d  spec t ra  a t  10' t o  a 67.7 g/c$ 
carbon and a 89.2 g / c S  aluminum t a r g e t .  
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Fig. 11. Secondary neutron yield spectra a t  200 t o  a 23.0 g/cm2 
aluminum ta rge t .  
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Fig.  12. Secondary neutron y i e l d  spec t ra  a t  45' t o  a 26.9 g/c$ 
aluminum and a 30.0 coba l t  t a r g e t .  
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13. Secondary neutrpn yie ld  spectra  a t  45O t o  a 33.6 g / c ~  
g/crn aluminum t a rge t .  
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Fig. 14. Secondary neutron y i e l d  s p e c t r a  a t  0, 10, and 200 t o  a 
165 g/cmn2 c o b a l t  t a r g e t .  



Table I 

- - 

Radiator Thickness Energy of proton which loses 
( em> l W $  of i t s  energy i n  r a d i a t o r  

1-33 100 



This peak can be i d e n t i f i e d  as due t o  the  "quas i -e l a s t i c"  s c a t t e r i n g  

process, and i s  c h a r a c t e r i s t i c  of both the  neutron and proton s p e c t r a  

taken a t  angles below 45O. It is  a t t r i b u t e d  t o  a  process i n  which the 

inc ident  p a r t i c l e  i n t e r a c t s  d i r e c t l y  with an individual  nucleon within 

t h e  t a r g e t  nucleus and t h e  product nucleon emerges with e s s e n t i a l l y  t h e  

same energy and a t  the  same a x l e  as f o r  an i n t e r a c t i o n  between f r e e  

nucleons. For l i g h t  nuclei ,  t he  p r o b a b i l i t y  i s  high t h a t  the  emerging 

nucleon does not  undergo a  f u r t h e r  in te rac t ion  with o the r  t a r g e t  nuclei,  

and the  peak is c l e a r l y  defined.  For heavy nuclei ,  these  p a r t i c l e s  i n t e r -  

a c t  with other  nucleons and t h e  peak is c h a r a c t e r i s t i c a l l y  broadened and 

s h i f t e d  downward i n  energy as seen i n  Figs.  8 and 9. 

Thick-target  secondary neutron data  a r e  presented i n  Figs .  10-14. 

I n  these  measurements, t h e  labora tory  angle w a s  measured between the  

inc ident  beam axis  and t h e  spectrometer axis  a t  t h e i r  po in t  of in tersec-  

t i o n  i n  t h e  r e a r  f ace  of the  t a r g e t .  The y ie ld  f o r  a l l  neutron energies 

was based upon the  ca lcu la t ion  of spectrometer e f f i c i ency  assuming a l l  

p a r t i c l e s  were formed a t  t h e  center  of the  t a r g e t .  The d is tance  from 

t h e  center  of the  r a d i a t o r  t o  t h i s  point  i s  given i n  Table I1 f o r  each 

of the  measurements . 
Figure 10 shows t h e  secondary neutron energy s p e c t r a  f o r  a  67.7 g/cm2 

carbon t a r g e t  and an 89.2 g / c ~  aluminum t a r g e t  a t  an  angle of observa- 

t i o n  of 16 . The primary protons l o s t  approximately 200 and 240 MeV, 

respect ive ly ,  i n  passing through these  t a r g e t s .  

Figures 11 and 12 show neutron y ie ld  spec t ra  a t  20 and 45O f o r  t a r -  

gets i n  which a  normally inc ident  proton beam would lose  approximately 
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Table 11. Parameters of Neutron Measurements 

Element Thickness ~ n ~ l e ~  Distance t o  Center 
b 

(g/cma ) (deg) of t a r g e t  (em) 

carbon 
carbon 
carbon 

aluminum 
a lumi num 

coba l t  

carbon 
carbon 

aluminum 
aluminum 
aluminum 
aluminum 
aluminum 

cobal t  
cobal t  
coba l t  
coba l t  

Cross Sections 

Yields 

a  
The angles a r e  measured between the  primary proton beam l i n e  and 

t h e  spectrometer ax i s .  The targets  were inc l ined s o  t h a t  a  perpendicular 
t o  t h e  t a r g e t  plane made an angle of 15, 22.5 and 30 deg t o  the  beam axis  
f o r  the  spectrometer angles of 30, 45, and 60 deg, respect ive ly .  The 
beam, t a r g e t  and spectrometer axes l a y  i n  t h e  same plane. 

b ~ h i s  d is tance  is measured from the  center  of the  t a r g e t  t o  t h e  
e f f e c t i v e  center  of t h e  r ad ia to r s  . 



60 MeV, In  F ig ,  13, the  y ie lds  a t  4 5 O  f o r  aluminum t a r g e t s  of 33.6 and 

13.4 g/cm" a r e  compared. 

I n  con t ras t  t o  the  " th in"  t a rge t s ,  the  l a r g e r  energy loss  of the  

incident  proton beam wi th in  the  t a r g e t  means t h a t  the  observed p z t i c l e s  

include both secondary p a r t i c l e s  from in te rac t ions  with inc ident  protons 

of a wide range i n  energies and a l s o  t e r t i a r y  p a r t i c l e s .  

Secondary neutron production from a 165 g/cm? cobal t  t a r g e t  i s  

shown i n  Fig. 14 f o r  angles of 0, 10, and 200 . This t a r g e t  thickness 

i s  about 14% grea te r  than the  mean range of the  incident  proton beam. 

Measurements of secondary proton production were made by removing 

the r ad ia to r  and anti-coincidence counters f r m  the  spectrometer.  Proton 

cross - sec t ion  measurements u t i l i z e d  t a r g e t s  i n  which the  primary proton 

beam l o s t  6.7 NeV i n  t r ave r s  ing the  t a r g e t  a t  normal incidence (see  

Table 111). The ca lcula ted  response functions took account of the  energy 

loss  of the  secondary protons i n  the  t a r g e t s  t o  produce cross sec t ions  

corrected t o  "zero t a r g e t  thickness." The energy reso lu t ion  associa ted  

with t h e  spec t ra  i s  Gaussian with a FWHM of 2 q ? .  

Figures 15-17 show secondary proton production cross s e c t  ions a t  

angles of 30, 45, and 600 f o r  various t a r g e t s .  For angles g rea te r  than 

30° t h e  t a r g e t  was turned through an angle of one-half the  angle of obser- 

va t ion  about an axis  passing through t h e  same po in t .  The quas i -e l a s t i c  

peak seen  i n  t h e  300 cross-sect ion data  decreases i n  mean energy with 

increasing angle of observation and broadens with nuclear s i z e .  

Figures 18-21 compare proton yields f o r  s e v e r a l  angles of observa- 

t i o n  from t h i c k  t a r g e t s  of C, Cu, Pb, A l ,  and Co. Since the  low-energy 

secondary protons l o s t  considerable energy i n  escaping the t a rge t ,  no 



a 
Table 111. Parameters of Proton Measurements 

Element Thickness 
( g/cm2 ) 

Angles 
b 

(deg) 

beryllium 
carbon 
aluminum 
cobal t  
bismuth 

carbon 
aluminum 
copper 
cobal t  
cobal t  
lead  

Cross Sections 

Yields 

a The d is tance  from the  back counter of the spectrometer 
t o  the  center  of t h e  back face  of the  t a r g e t  was 74.82 cm. 

b ~ h i s  d is tance  is measured from the  center  of the  t a r g e t  
t o  the  e f f e c t i v e  center  of the  r a d i a t o r s .  
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F ig.  15. Secondary proton production cross sec t ions  a t  3@ f o r  
various t a r g e t s  bombarded by 4 5 0 - ~ e ~  protons. 
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16. Secondary proton production cross sec t ions  a t  4 
rge t s  bombarded by 4 5 0 - ~ e ~  protons . 
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Fig. 17 Secondary p r o t ~ n  product ion cross  s ec t ions  a t  
various t a r g e t s  bombarded by 4 5 0 - ~ e ~  pro tons .  
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Fig. 18. Secondary proton yield a t  20, 30, and 45" from a 5 -81 g/cm2 
carbon t a r g e t .  



Fig 19.. Secondary protog y i e l d  a t  30, 45, and 600 from a 5.65 g/c$ 
copper t a r g e t .  
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Fig. 20. 
lead target .  
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Fig.  21. Secondary proton y i e l d  a t  30, 45, and 66' from a  6.73 g/cm2 
aluminum and a  7.68 g/c$ cobal t  t a r g e t .  



attempt was made t o  include t h i s  loss  i n  the  response functions and the  

spec t ra  represent  the  energy of the  protons as they leave the  r e a r  f ace  

of t h e  t a r g e t s .  Although the  3.6 g/crri! Pb t a r g e t  was " th in , "  it had a 

non-standard thickness and, theref  ore, the  da ta  from t h i s  t a r g e t  i s  

presented as a  y ie ld .  

Figure 22 shows the  proton y i e l d  a t  00 from a 165 g/cm2 cobal t  t a r g e t .  

Since t h e  primary proton beam was completely stopped i n  t h i s  t a r g e t ,  the  

observed y i e l d  i s  due t o  t e r t i a r y  protons. 

I n  those da ta  i n  which the re  is evidence f o r  a quas i -e l a s t i c  peak, 

the  energy of the  peak i s  lower than would be expected on the  bas i s  of a  

simple nucleon-nucleon in te rp re ta t ion .  The nuclear cascade descr ip t ion  

of high-energy in te rac t ions  a s  t y p i f i e d  by the  Monte Carlo ca lcula t ions  

of Bert ini5 would indica te  t h a t  a t  lower energies and f o r  00 measure- 

ments t h e  emerging nucleon, whether proton o r  neutron, can have essen- 

t i a l l y  t h e  energy of the  inc ident  proton. The peak as a  funct ion  of angle 

should appear a t  energies given approximately by 

where 8 = the  angle of observation, m = the  mass of the nucleon, V = the  
0 

average nuclear p o t e n t i a l  of the  bound nucleons, Eo = To + Vo, and T and 

T = k i n e t i c  energy of emerging p a r t i c l e  and t h e  incident  p a r t i c l e s ,  
0 

respect ive ly .  Data a t  higher energies f o r  Be targetsm show t h a t  t h e  

0 
neutron peak a t  0 a l s o  appears a t  a  lower energy: 6 8 0 - ~ e ~  protons pro- 

duce a neutron peak a t  610 MeV and 480-MeV protons show a neutron peak a t  

395 MeV. The i n t e r n a l  beam of the  cyclotron was used f o r  these measurements 

s o  t h a t  mul t ip le  t r a v e r s a l  of the  t a r g e t  by the  bombarding protons was 
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Fig. 22. Proton y i e l d  a t  0 from a 165 g / c ~  cobal t  t a r g e t .  The 
primary proton beam was completely stopped i n  t h i s  t a r g e t .  



poss ib le ,  The magnitude of the  consequent energy reduction has been e s t i -  

mated by Kiselev and Fliagin3' a s  20 t o  2 5 MeV. These data,  theref  ore, 

ind ica te  a  n e t  s h i f t  t o  lower energies of 55-60 MeV. Such a reduction i n  

the  neutron energy a t  0' i s  cons is tent  with the  mean peak energy reduction 

seen i n  t h e  da ta  reported here.  

Mult iple s c a t t e r i n g  and cascading not only cons ide rab ly  broaden the  

peak but  a l s o  lower i ts  mean energy. Secondary meson production a l s o  

causes a  reduct ion  i n  the  peak energy, p a r t i c u l a r l y  a t  the  higher ban- 

barding energies.  Indeed, prel iminary ca lcula t ions ,  using B e r t i n i ' s  

Monte Carlo programs i n  which secondary meson production was o r  was not 

included, ind ica te  t h a t  meason production must be taken i n t o  account i n  

order  t o  obta in  c o r r e l a t i o n  with the  observed spectra.31 

These da ta  cover a  wide range of atomic number and angles and pro- 

vide information t o  make d e t a i l e d  comparisons with s t o c h a s t i c  ca lcula-  

t i o n s .  Comparisons of these  da ta  with the  ca lcula t ions  c i t e d  above show 

q u a l i t a t i v e  agreement with theory. 
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